is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. Young's moduli are obtained by instrumented Berkovich indentation at nanometer scale. Fracture toughness is calculated with models involving crack length measurements, and by models free of crack length measurements by considering critical force, chipping, pop-in. Finally, method based on the cracking energy, commonly employed for coated materials is also used. The aim of this work is to compare seven methods, which enable the facture toughness determination, on four brittle materials. To do so, it was necessary to determine some specific constant in the case of Vickers tip use.
Optical devices miniaturization as well as the synthesis and shaping of new materials require high-performance characterization techniques, which are capable of estimating the mechanical properties such as fracture toughness for all pieces geometry [1] . Furthermore thinning down of optical glasses is mainly done by grinding and polishing, mechanisms which involve hardness and chip formation by scratching. Thus a good knowledge of toughness and hardness of materials is required to determine material loss during abrasion [2, 3] .
The fracture toughness Kc is defined as the resistance offered by a material to the sudden propagation of cracks [3] . In 1892, Larmor [4] determines the influence of defects and porosity on the mechanical resistance of materials. Later Griffith [5] takes into account the existence and the geometry of defects on the material's resistance fracture of brittle materials and develops the fracture mechanics theory. This theory is then adapted to ductile materials by Irwin [6] . The fracture toughness of materials expressed as the stress intensity factor is considered as a key parameter for predicting the rupture of materials.
Fracture toughness is generally obtained by normalized tensile or bending tests using standardized samples [7] [8] [9] . When the sample geometry is unsuitable with tensile or bending tests, indentation test is the only convenient alternative to measure Kc. In the following, most representative indentation technics using sharp indenters are detailed [10] .
Methods that requires crack length measurement
Palmqvist [11] was the first one to use Vickers indentation test to determine a parameter related to fracture toughness. This author proposes a relationship between Kc and the work required to nucleate cracks. When a critical force is reached, the average crack length (c) is directly linked to the applied force (P) [11] . Then, numerous studies have proposed a relationship between P and c [12, 13] . Fig. 1(a) shows an imprint with a half diagonal a and half crack length c.
Method using Wt/We ratio (Eq. (4))
Numerous studies show the link between total and elastic deformation energies (W t and W e respectively), reduced elastic modulus (E r ¼E/(1 À ν 2 )) and hardness [21] [22] [23] (Eq. (3)):
W t is the area below the load-displacement curve and W e the area below the unloading curve which corresponds to the elastic deformation, k is a dimensionless constant. The energy W t is the total of elastic and plastic deformation (W e and W p respectively) (Fig. 2) . As suggested by Zhang [24] , the major advantage of this method is the use of experimental parameters, very convenient to determine when using instrumented indentation. The fracture toughness obtained via Eq. (3) does not take into account the hardness evolution with load.
Substituting Eq. (3) in Eq. (2), the Anstis' formulae becomes:
The constant λ¼(1Àν 2 )χk À 1/2 is close to 0.0690 for cube corner tip [24] and to 0.0498 for Vickers tip [25] .
Methods that do not require the measurement of crack length
The main issue of previous methods is the accurate determination of average crack length. These measurements are tedious and prone to wide uncertainties due to surface preparation or crack length evolution, especially for glasses in moist environment [26, 27] . Consequently methods without crack length determination have been developed.
Critical load method (Eq. (5))
The critical load (P c ) is the minimum load required to initiate a crack in the material. This load is directly linked to fracture toughness [12] . Lawn and Evans [28] propose to calculate K c with Eq. (5): 
where β is a constant equal to 2. . The determination of the critical load can be done by acoustic emission measurements or by presence of bursts on the loading curve.
Edge chipping method (Eq. (6))
The edge chipping method consists in an indentation test performed close to the sample edge (h ch ). The critical load (P ch ) needed to create the chip is also measured (Fig. 3) . Numerous studies show a linear relationship between the critical chipping load and the distance from the edge to the power 3/2. This ratio is verified for many indenters' geometries [29] [30] [31] . Then, Chai and Lawn [32] compared this method to the classical one (Eq. (1)) and get Eq. 96 [46] 69-100 [46, 47] 110 [42, 43] 91 [44, 45] where the constant γ, equal to 9.3 71.3 for a Vickers indenter, is obtained by comparison between indentations tests and classical fracture mechanic tests.
Pop-in method
During indentation test, some materials show a pop-in. If the test is performed by using load control mode, the pop-in corresponds to a sudden penetration of the indenter at a constant load (Fig. 4(a) ). When cracks appear, the opening of the crack at halflength (δ 0 ) is given by:
with p the pressure at the crack center, m is the radius of the crack, E r the reduced elastic modulus and D(γ) a constant ranged between 0.5 and 0.7 [33] . Field et al. [34] associated the pop-in to a change in the cracks propagation mode. For a cube corner tip, these authors linked the crack opening to the length of the pop-in (h x ), the maximal penetration (h max ) and the equivalent crack length (c pop-in ):
where HM is the Martens hardness [35] [36] . Since this equation depends on the indenter geometry, it must be recalculated for a Vickers indenter. Using the same approach as Field et al. Fig. 4 (b) shows that for a Vickers tip, the equivalent crack length becomes:
Pop in m r x
In the following, as supposed by Field et al. [34] , it is assumed that Q′ is a constant independent of the material. This new constant Q′ is determined by differentiating the Eq. (9) over the length of the pop-in (h x ) (Eq. (10)):
The graphical representation of the average crack length (calculated through experimental measurements for the pop-in force) as a function of the displacement of the indenter due to pop-in, allows obtaining this constant.
Energy methods
Fracture toughness measurements for thin films and coatings are commonly obtained from models using crack nucleation energy [21, [37] [38] [39] (Eq. (11)). Chen [14] shows the validity of this equation, also for bulk materials.
where U rupt is the energy needed to produce a crack and A rupt the crack area. For a half Penny crack, the crack area is πc 2 . Thus, Eq.
(11) becomes: Fig. 9 . λ parameter for all materials (three tests per load), λ parameter is equal to slope of the curve.
Table 3
Materials average fracture toughness using the W t /W e ratio (Eq. (4)).
Fracture toughness Equation Crown
Flint HAP Zerodur 
Material and methods
In order to compare different methods for toughness determination by indentation, four glasses and ceramics have been tested. Materials studied here are: widely used in optical applications and is composed of silica, sodium hydroxide (soda) and calcium. Flint glass, rich in lead, is generally used for glassware, optical devices and screen protection. Vitroceramic glasses such as Zerodur are made of microcrystals spread in a glassy matrix. Hydroxyapatite, widely used for biomedical applications, was sintered by microwave [40] . Its grain size, determined on SEM micrographs, is about 1 mm and its relative density, measured by Archimedes method, is equal to 99.6%.
Surface preparation was carried out by using increasing grade SiC grinding papers and a final 1 mm diamond slurry.
Elastic moduli were estimated with a nanoindenter MTS XP (USA) equipped with a Berkovich and a cube corner tips. Tests have been performed at a constant loading rate of 40 mN/s. Indentation curves were analyzed with by the Oliver and Parr method [41] .
Micro and macro indentation tests were performed with an instrumented machine Zwick/Roell ZHU 2.5 (Germany). This instrument, equipped with a Vickers tip, allows a load range from 5 to 2500 N. Tests were performed in load control mode, at a constant rate of 1 N/s, with a dwell time of 10 s at maximum load. Three tests were performed for each load, starting at 10 N and finishing at 100 N with incremental steps of 10 N. Diagonals imprints and average crack lengths were measured by using the integrated optical microscope. Hardness and fracture toughness are thus easily calculable. Time between the removal of the indenter and the measure of imprints is below one minute, limiting issues from cracks instability.
Indentation tests for the edge chipping method were performed with a Vickers tip at a distance from sample's edge ranging from 100 to 1000 mm by 100 mm steps (Zwick/Roell ZHU 2.5 indenter). The displacement reference relies on the surface sample ensures a good stability of the sample. The edge distance was measured through the integrated optical microscope of the indenter. Moreover the motorized X-Y table allows accurate positioning of the sample. The loading rate is set to 1 N/s. Three tests were performed for each edge distance. The chipping load, defined as the critical one when a chip is formed, is simply determined from the load-displacement curve.
Results
Several methods for fracture toughness measurement require the elastic modulus of the tested materials. Fig. 5 shows a typical load-displacement curve performed on Zerodur glass with the nanoindenter equipped with a Berkovich tip. Nanoindentation curves are analyzed with the Oliver and Pharr [41] method and reported in Table 1 . These results are in good agreement those reported in with previous studies [42] [43] [44] [45] [46] [47] .
Methods using crack length measurement
Typical load-displacement (P-h) curves, for a maximum applied load of 50 N are represented Fig. 6 . Different mechanical behaviors, as will be seen later, can be identified. Fig. 7 shows typical imprints obtained on the four materials at 50 N. Wide Half-Penny cracks (c/ a4 2.5) have been identified by successive polishing, allowing the use of the previous equations.
Classical method (Eq. (1))
Tests are performed with the instrumented indenter applying loads ranging from 5 to 100 N. For the four materials, Fig. 8 shows a linear trend between the average crack length at power 3/2 and the indentation load. Whatever the applied load, fracture toughness is constant, which confirms that the polishing process did not generate residual stress at the sample surface.
Vickers hardness was calculated from diagonal length and verified with the residual imprint depth. Fracture toughness was obtained with Eq. (1) ( Table 2 ). This method takes into account average crack length, Vickers hardness, Young's modulus and applied load. Results are in good agreement with those obtained by other authors [42] [43] [44] [45] [46] (Table 2) . 
Method using the ratio W t /W e (Eq. (4))
From the previous method, results dispersion can be reduced by replacing the E/H ratio by the ratio of total over elastic deformation energies. This result is close to the result of Choi et al. [48] λ¼0.0453 are listed in Table 3 . 
Method that do not require crack length measurement
Methods that do not require crack length measurement need the determination of the critical force for crack nucleation or popin.
In order to observe pop-in, a cube corner tip has been used with a maximum load of 600 mN (Fig. 10) . Due to the sharpness of the cube corner, for the same applied load, the penetration of the cube corner is larger than in the case of a Berkovich tip.
A closer look to the indentation curves does not reveal any popin. To emphasis a possible pop-in on the loading curve, the force has been differentiated relative to the displacement. However no pop-in is observed. Only tests performed on Zerodur with the macroindenter show pop-ins. Thus, these methods will be only used for this material.
Critical load method (Eq. (6))
Load-displacement curve in Zerodur shows sudden bursts ( Fig. 11(a) ) which are commonly called pop-in. In the case of Zerodur the pop-in always occurs with an acoustic emission that can be heard by human hear. This emission corresponds to the critical force P c from which the propagation mode of the crack changes [34] .
This critical force follow a Gaussian-like distribution ( Fig. 11(b) ) centered around 51 N with a standard deviation of 718 N. The toughness can be calculated using this force in Eq. (5). The average toughness of Zerodur, calculated over 33 tests, is equal to 0.907 0.09 MPa m 1/2 . This result is very close to those obtained with previous methods.
Edge chipping method (Eq. (6))
Edge chipping tests are performed at an edge distance ranging from 100 to 1000 mm. The fracture force is accurately determined on the load-displacement curve (Fig. 12 ). Fracture appears for a force between 5 and 300 N. A chip observed on a Crown glass is shown on Fig. 12(c) . Fig. 13 represents the critical chipping force versus edge distance. Glasses, belonging to the same family, are reported in Fig. 13 (a). Hydroxyapatite shows a different behavior with an intercept significantly different from the one of glasses. As previously reported in literature [30, 32] , the critical force is proportional to 
0.917 0.07
0.90 7 0.09 . The average fracture toughness of each material, determined with Eq. (6) and a γ constant equal to 9.3 71.3 [32] , is reported in Table 4 . The results are comparable to those obtained with previous methods.
Pop-in method
Field et al. recommend the use of Eq. (8) to determine crack length. However, this equation requests a Q′ constant, supposedly independent on the material [34] , which is unknown when using a Vickers tip. Indeed, pop-in appears at high loads on zerodur sample. It is thus possible to determine this Q′ constant by comparing results with those obtained with classical method involving crack length measurement. Fig. 14(a) shows evolution of crack length as a function of maximal applied load. A linear regression of experimental data points gives the equation: c ¼15.8 P 2/3 with c in mm and P in N.
Thus, it is possible to plot c as a function of h x for each critical load P pop-in (Fig. 14(b) ). The constant Q' is determined from Fig. 14(b,c) which show the relation between c and h x and between P pop-in and h x . Finally, Q′ ¼18.6 for a Vickers tip and hardness (Eq. (10)). Fig. 14(d) shows the relation between the experimentally measured crack length and c pop-in calculated with Eq. (8) . A good agreement is evidenced between these two parameters. The P pop-in force and the c pop-in crack length are reported in Eq. (1), which enables to obtain the material fracture toughness without average crack length measurement. The average fracture toughness is found to be equal to 0.91 70.07 MPa m 1/2 , which is similar to the results obtained with by using previous methods.
Energy method
Eq. (12) gives the toughness as a function of the reduced Young's modulus, fracture energy and rupture area πc 2 in the case of a Half-Penny crack. The average crack length c is obtained from the regression c ¼15.8 P 2/3 detailed in the previous paragraph.
According to different authors, this fracture energy U rupt can be calculated from the area of the ABC [50] or ABH [51] triangles ( Fig. 15(b) ). These two triangles are built with extrapolation of indentation curves before and after pop-in. [14] who reported a lowering of toughness by 20% when using energy method. Table 5 summarizes fracture toughness results obtained by indentation techniques using the different methods. Each result is associated to its standard deviation regardless of uncertainties due to empirical constants of models (χ, λ, β, γ …). Equations reported in this paper give a critical toughness with little dispersion (Fig. 16) . In spite of empirical constants uncertainties (χ ¼ 0.0167 0.004, γ¼9.371.3 …) which can induce a noticeable scattering, the average fracture toughness is very similar whatever the method employed. Only energy method, which does not use constant, shows lower values.
Discussion
Eq. (1), which is the most employed to calculate K ic (E, H), can be used as a benchmark to compare with others studies. Moreover, this method does not require instrumented test. Except uncertainty due to the use of the χ coefficient, main errors come from the crack length measurement and from the Young's modulus determination.
In order to improve the accuracy of the crack length measurement, Miyazaki et al. [26, 52] propose to coat the sample with a thin layer of 100 nm thick paint. This has for consequence to emphasis optical contrast in particular at the end of the crack. These authors also suggested using higher magnification. In this paper, an original approach using confocal interferometry is proposed. The crack propagation leads to topographical discontinuity on both sides of the crack. If topography is accurately characterized, the determination of the crack end is significantly improved. Fig. 17 shows an indent with surrounded cracks observed with the Wyko NT 9300 interferometry confocal microscope. Fig. 17 shows sudden changes in the fringes direction corresponding to a slope break from both parts of the crack. The derivative image (Fig. 17(b) ) makes easier the identification of the local slope break by local contrast analysis. A reduction of 50% in the average crack length determination has been evidenced (K iC Crown ¼0.50 70.2).
To (4)) is fast and effective. This method does not need the crack length measurement, but it is mandatory to know the critical force from which the crack suddenly propagates. Thus, only Zerodur fracture toughness was calculated.
Edge chipping tests do not need the crack length measurement (Eq. (6)). Results are accurate and self-consistent. The limitation is that the sample needs to be polished on two perfectly perpendicular faces. Several tests have been performed at different edge distance in order to plot a straight line with a well-defined slope. It is of interest to optimize the number of data points by selecting optimal edge distances.
The use of the method using the pop-in phenomenon was extended by determining the Q′ coefficient for a Vickers indenter. Results are close to those obtained with others methods and dispersion is very small. There is no need any more to measure the crack length, but the recording of load-displacement curve is required. Measures of h x still remain delicate and should be done with accuracy. Moreover, this method needs a pop-in during indentation. Thus, only Zerodur fracture toughness was calculated.
Equation based on cracking energy is the only method which does not need an empirical constant. Thus uncertainties are only limited to experimental factors and final results are free of uncertainty due to the model. Cracking energy can be calculated from two different areas depending on authors. A disparity of 20% is observed for this method whatever the area definition. This method is commonly employed for coated materials, only Chen [14] uses it for bulk materials. He reported similar disparity for silicon carbide and silica when using the ABC area. This method requires the knowledge of crack length, load-displacement curve, curve extrapolation and finally integral calculus.
Conclusions
This work reports an original comparison of seven different methods for fracture toughness determination by indentation techniques.
For this purpose, it was necessary to experimentally determine some constant necessary for the fracture toughness determination, and unknown for Vickers indentation or for the load range considered. Thus, the Q′ parameter, used to calculate the equivalent length of crack when pop-in occurs, was experimentally found to be equal to 18.6 for a Vickers tip and Vickers hardness. This parameter was determined with experimental data obtained on Zerodur glass. Although Field et al. suppose that this constant is unique, it should be confirmed on other materials. Works are in progress but until now, no other material exhibiting a pop-in in Vickers macro indentation has been analyzed. Moreover, the λ constant needed to calculate fracture toughness with the ratio W t /W u was determined for loads between 5 and 100 N. For a Vickers tip, λ is equal to 0.0453.
Thus, the methods reported here give consistent results for all the brittle materials tested, except the energy method, which lead to lower (about 20%) fracture toughness results. Thus, all these methods, except energy method, should be equally used for the fracture toughness determination of brittle materials, depending on the experimental inputs known.
Finally, methods that do not require the measurement of crack length are fast and suitable for glasses and ceramics. However most of these methods need the appearance of a pop-in during the loading and only few materials are prone to exhibit this phenomenon.
